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Free radicalsEpidemiological studies have indicated that Western diets are related to an increase in a series of
malignancies. Among the compounds that are credited for this toxic effect are heme and lipid peroxides. We
evaluated the effects of hemoglobin (Hb) and linoleic acid hydroperoxides (LAOOH) on a series of
toxicological endpoints, such as cytotoxicity, redox status, lipid peroxidation, and DNA damage. We
demonstrated that the preincubation of SW480 cells with Hb and its subsequent exposure to LAOOH (Hb +
LAOOH) led to an increase in cell death, DCFH oxidation, malonaldehyde formation, and DNA fragmentation
and that these effects were related to the peroxide group and the heme present in Hb. Furthermore, Hb and
LAOOH alone exerted a toxic effect on the endpoints assayed only at concentrations higher than 100 μM. We
were also able to show that SW480 cells presented a higher level of the modiﬁed DNA bases 8-oxo-7,8-
dihydro-2′-deoxyguanosine and 1,N2-etheno-2′-deoxyguanosine compared to the control. Furthermore,
incubations with Hb led to an increase in intracellular iron levels, and this high level of iron correlated with
DNA oxidation, as measured as EndoIII- and Fpg-sensitive sites. Thus, Hb from either red meat or bowel
bleeding could act as an enhancer of fatty acid hydroperoxide genotoxicity, which contributes to the
accumulation of DNA lesions in colon cancer cells.deoxyguanosine; 8-oxodGuo,
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AOOH, linoleic acid hydroper-
eic acid peroxyl radical; HNE,
A, malonaldehyde; 1O2, singlet
ance liquid chromatography;
ray ionization tandem mass
DCF-DA, 2′,7′-dichloroﬂuores-
opyrimidine DNA glycosylase;
vier OA license.© 2011 Elsevier Inc.Open access under the Elsevier OA license.The development of colorectal cancer (CRC) is a multistep process
involving both somatic mutations and increased rates of cell
proliferation. CRCmost commonly occurs sporadically and is inherited
in only 10% of the cases. Diet is the most important exogenous factor
identiﬁed thus far in the etiology of this type of cancer [1]; support for
this observation is given by studies showing that dietary modiﬁca-
tions are able to reduce this cancer burden by up to 70% [2].
Colon cancer originates from the epithelial cells (colonocytes) that
line the bowel. These cells are in direct contact with the contents of
the lumen, making them one of the ﬁrst cells to interact with
exogenous compounds absorbed by the diet. Furthermore, epithelial
cells of both the small intestine and the colon are among the most
rapidly dividing cells in the body [3]. Rapid cell proliferation is a keyfactor in the development of cancer because damage to DNA may not
be completely repaired before cell division occurs. In this case, DNA
lesions can be converted to mutations. Supporting this assumption,
Sjoblom et al. [4] analyzed 13,056 genes in colon and breast tumors
and found a very high frequency of single-base substitutions, mainly
of the GC/TA type. These data, although far from clarifying the exact
source and mechanism of damage, tentatively point to the involve-
ment of oxidatively generated DNA damage in such pathologies.
In recent years, research has focused on an attempt to identify
compounds or interactions between compounds that could increase
the genetic instability of colon cells and culminate in the appearance
of malignancies, such as cancer [5]. Fat intake has been identiﬁed as
one of the factors believed to play a major role in CRC. Indeed, fat
intake has gained much attention in CRC because of the pioneering
case–control study by Wynder et al. [6], which suggested that dietary
fats might be involved in the pathogenesis of CRC. Subsequently, a
large number of epidemiological comparisons conducted worldwide
have shown that fats are associated with CRC [7–9]. Some of the
discrepancies in the ﬁndings on this associationmay be attributable to
the fact that dietary fats were mainly investigated according to their
quantity (total fat), origin (animal or plant), or type (saturated,
monounsaturated, or polyunsaturated) [10].
The evaluation of some epidemiological studies and experimental
data have linked the dietary intake of ω-6 polyunsaturated fatty acids
(PUFAs), such as linoleic acid (LA), to an increased risk for cancers of
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combination with a low intake of ω-3 PUFAs or monounsaturated
fatty acids [11]. Concern has been raised because LA (one of the most
abundant fatty acids in the diet) has been linked to the development
of cancer in animals [12,13], and some population comparisons have
reported positive associations with per-capita use of polyunsaturated
fatty acids [14,15]. Additionally, it was shown that people whose diet
was supplemented with LA presented an increase in leukocyte levels
of 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodGuo) [16]. An
added concern is that polyunsaturated fats may be prone to oxidation
and generate primarily lipid peroxides, whichmay play an overlooked
role in carcinogenesis [17], because none of the above-mentioned
studies analyzed the amount of peroxides in their LA preparations.
Lipid peroxides are amajor source of dietary oxidants, withmutagenic
or carcinogenic potentials that are of nutritional and toxicological
importance [18]. Because of their ability to generate oxyradicals, lipid
peroxides are capable of initiating degenerative processes and
promoting digestive system disorders, such as inﬂammation and
cancer [19]. Likewise, lipid peroxidation has been linked to DNA
damage in many physiopathological situations that include CRC [20].
The lipid peroxidation process generates aldehydes as secondary
products, such as trans-4-hydroxy-2-nonenal (HNE), trans,trans-2,4-
decadienal (DDE), malondialdehyde (MDA), and crotonaldehyde [21].
These compounds can lead to the formation of promutagenic
oxidatively generated and exocyclic DNA adducts in human cells
and may contribute to the onset of diet-related cancers [22–25].
In addition, it is estimated that humanswith a normal diet consume
an average of 84 g of fat daily, leading to an estimated intake of
1.5 mmol of lipid peroxides [26]. Nevertheless, based on other reports,
it is conceivable to assume the following: the concentration of lipid
hydroperoxides in the stomach may reach values up to 250 mM after
ingestion of a high-fat meal, and because lipid hydroperoxides may be
present with other nutrients, the concentrations may decrease to
values of approximately 25 mM [27]. Studies by Kanazawa and Ashida
[28,29] have demonstrated that trilinoleoylglycerol hydroperoxides
are promptly deesteriﬁed, resulting in the free fatty acid linoleic acid
hydroperoxide, and studies byMiyamoto et al. have also shown that 1-
palmitoyl-2-linoleoylphosphatidylcholine hydroperoxide liberates
the free fatty acid in the gastric mucosa [30]. Furthermore, it was
shown that approximately 97% of peroxides are decomposed in the
stomach and that, in animals, only a small fraction of LAOOH reached
the intestine after the ingestion of a high amount of fat [29]. Thus,
based on the above values (provided in [27]), one could expect
maximum values of approximately 500 μM free fatty acids in the
intestine. Human studies have shown that fecal water contains up to
1 mM fatty acids [31] and that a 20–30 μM fatty acid peroxide
concentration could be easily achieved [32] in the colon of healthy
volunteers. Moreover, it is expected that individuals consuming a
high-fat diet could present an approximately 10-fold increased level of
lipids and fatty acids and reach values near those previously described.
Another important link between nutrition and CRC has been
proposed by studies of populations consuming high levels of redmeat.
Dietary epidemiological studies have indicated correlations between
the consumption of redmeat and/or processedmeat and cancer of the
colon and rectum [33]. Moreover, experimental data from humans
have also shown that the intake of dietary heme is associated with an
increase in the incidence of colon cancer [34]. Furthermore, the
European Prospective Investigation into Cancer and Nutrition (EPIC)
study group has reinforced a positive correlation between red meat/
heme intake and the incidence of colorectal cancers [33]. It is often
hypothesized that in addition to heme, the high fat content in red
meat could also play a role in the onset of colorectal cancer [35].
The mechanism of cancer promotion by heme is not known, but
some groups have proposed that it might be linked to oxidative stress
[36,37]. It has been reported that heme, derived from hemoglobin, is
able to induce DNA strand breaks in primary colon and colon cancercells. The authors claimed that intracellular free iron is the primary
genotoxicant because of the ability of the iron molecule to be released
from the oxidized form of heme [38]. This is in agreementwith several
reports indicating that inorganic iron is genotoxic to colon cancer cells
[39,40]. Furthermore, feeding rats withmeat containing low, medium,
or high heme concentrations led to an increase in heme in the
intestinal lumen, reaching levels from 19 to 1097 μM [41], and the
formation of preneoplastic lesions in this model strongly correlated
with the heme/iron concentration found in the lumen.With respect to
heme ingestion in humans, individuals present a concentration of
approximately 400 μM iron in the gut lumen after a meal with high
iron content [42]. Considering the fact that individuals consuming a
Western-type diet present approximately 40% of their total iron
intake as heme–iron [43], it could be expected that the concentrations
of heme–iron may reach values higher than 100 μM.
Other studies have correlated heme-induced tumorigenesis with
an increase in lipid peroxidation and proliferation. Indeed, this heme-
induced tumor promotion was associated with increased lipid
peroxidation and strong cytotoxic activity of fecal water in a
cancerous mouse colonic epithelial cell line [44]. Moreover, the
normalization of lipid peroxidation was able to inhibit heme-induced
tumorigenesis, evidencing the importance of lipid peroxidation in the
onset of the disease [45].
In this study, we offer an alternative explanation and a possible
mechanism that links these two known etiologic agents, lipid
peroxides and heme, with an increased colon cancer risk. In this
context, we assume that an interplay between heme–iron and lipid
peroxides promotes genomic instability and is one of the ﬁrst steps in
the onset of the carcinogenic process. Therefore, we used SW480 cells
to examine the genotoxic effects of Hb and LAOOH, two compounds
with pro-oxidant effects whose levels are increased in the colon of
individuals consuming a high-fat/high-meat diet. Our results demon-
strate that increased levels of heme–iron led to an increase in the DNA
damage that is promoted by LAOOH at concentrations that are
relevant to individuals consuming a high-fat and/or high-meat diet.
Materials and methods
Chemicals
Ethidium bromide (CAS: 1239-45-8), trypan blue (CAS: 72-57-1),
hemoglobin (CAS: 9008-02-0), and ethylenediaminetetraacetic acid
(EDTA; CAS: 150-43-6) were purchased from Sigma (St. Louis, MO,
USA). Low-melting-point (LMP) agarose (CAS: 9012-36-6; Gibco) at
0.5% (w/v) and normal-melting-point agarose (CAS: 9012-36-6;
Gibco) at 1.5% (w/v) were dissolved in Ca2+- and Mg2+-free
phosphate-buffered saline (PBS).
All other chemicals, reagents, and buffers were analytical grade
products from Sigma.
Synthesis of LAOOH
LAOOHwas synthesized as described previously [46]. Brieﬂy, 1 g of
linoleic acid was dissolved in 50 ml of chloroform containing 0.2 mM
methylene blue and irradiated with a tungsten lamp (500 W) for 5 h.
The irradiation was conducted in an ice bath under a continuous ﬂux
of oxygen. LAOOH was separated by silica-gel column chromatogra-
phy. The reaction products were placed on the column and separated
by a discontinuous gradient of n-hexane:diethyl ether from 9:1 to 5:5
(v/v). The concentration of LAOOH was determined spectrophoto-
metrically at 234 nm (ε=25×103 M−1 cm−1) because 60% of the
hydroperoxides contained conjugated dienes, resulting in an approx-
imately 50% conversion of LA to LAOOH. More details related to the
synthesis and characterization of LAOOH can be found in the
supplementary material (Supplementary Fig. 1). The corresponding
LAOH was also synthesized as described previously [46].
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The Hb solution was added to 40 ml of ice-cold HCl–acetone
solution (2.5 ml of 2 M HCl in 1 L of acetone). The mixture was
vigorously stirred for 30 min on ice and centrifuged at 13,000g for
10 min. The supernatant was discarded, and the pellet was washed
three timeswith HCl–acetone. The pellet was redissolved inwater and
then dialyzed extensively against water. After the dialysis, the protein
suspension was centrifuged at 6000g for 5 min; the suspension was
then lyophilized and stored at −20 °C.
Cell culture
The human colon adenocarcinoma cell line (SW480 cells) was a
kind gift from Prof. Dr. Mary Cleide Sogayar (Instituto de Quimica,
Universidade de São Paulo). The SW480 cells were maintained in
Dulbecco's modiﬁed Eagle medium supplemented with 15% FBS and
1% penicillin–streptomycin; under these culture conditions, the
doubling time was approximately 24 h. For all of the experiments,
cells from 15th and 25th passages were used.
Cell treatments
For the genotoxicity assays, the SW480 cells were ﬁrst grown for a
complete cell cycle (24 h) and then washed twice with PBS–
diethylenetriaminepentaacetic acid (DTPA; 0.1 mM). Next, the test
compounds were added to the PBS–DTPA (treated with Chelex) for
1 h and assayed for the various toxicological endpoints. For experi-
ments involving pretreatment with Hb, cells were grown for 24 h
before being washed and then treated with the indicated concentra-
tion of Hb for various durations in the cell culture medium. The cells
were then washed ﬁve times with PBS–DTPA and incubated with
LAOOH for 1 h in PBS–DTPA and subsequently assayed.
Cytotoxicity (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay)
The inﬂuence of LAOOH and the combination of Hb and LAOOH
were assayed by the MTT assay in 96-well microtiter plates. Brieﬂy,
after treatment, the cells were washed and incubated for various
periods (6, 24, or 48 h). After the incubation period, the medium was
carefully collected, and the cells were incubated with 250 μg/ml MTT
for 3 h. The cells were then washed and resuspended in dimethyl
sulfoxide (DMSO), and the absorbance at 540 nm was measured. The
results are expressed as the percentage of viable cells in relation to the
control.
Production of reactive oxygen species as determined by the
dichloroﬂuorescein assay
Intracellular reactive oxygen species (ROS) were estimated using
the ﬂuorescent probe 2′,7′-dichloroﬂuorescein diacetate (H2DCF-DA)
[47]. H2DCF-DA diffuses through the cell membrane and is enzymat-
ically hydrolyzed by intracellular esterases to form nonﬂuorescent
H2DCF, which is oxidized to ﬂuorescent dichloroﬂuorescein (DCF) by
ROS. Thus, the ﬂuorescence intensity of DCF is proportional to the
production of intracellular ROS. After the described treatments (see
Cell treatments), the ﬂuorescence was measured by ﬂuorimetry
(excitation at 485 nm, emission at 538 nm). The results are expressed
in relation to the values from control cells.
Malonaldehyde quantiﬁcation
MDA was measured as previously described by Tatum et al. [48].
After treatment, 7 ml of a 0.4% (w/v) solution of 2-thiobarbituric acid
(TBA) in 0.2 N HCl:H2O (2:1) and 1 ml of a 0.2% (w/v) solution ofbutylhydroxytoluene in 95% ethanol were added to the cell samples,
and the mixture was heated to 90 °C for 45 min, cooled on ice, and
extracted with isobutanol. The isobutanolic phase was injected
through a Shimadzu autoinjector, Model SIL-10AD/VP (Shimadzu,
Kyoto, Japan), into a Shimadzu HPLC system, which consisted of two
pumps (LC-6AD) connected to a Lichrosorb 10 RP-18 (Phenomenex,
Torrance, CA, USA) reversed-phase column (250×4.6-mm i.d.) with a
particle size of 10 μm. The ﬂow rate of the isocratic eluent (25 mM
potassium phosphate buffer, pH 7, in 40%methanol) was 1 ml/min. An
RF-10A/XL ﬂuorescence detector was set at an excitation wavelength
of 515 nm and an emission wavelength of 550 nm. The data were
processed using the Shimadzu Class-VP 5.03 software. The malonal-
dehyde–bis-diethylacetal adduct with TBA was used for the calibra-
tion of the ﬂuorescence data. The data were expressed as micromoles
of MDA normalized to the protein content, which was determined by
the Bradford method.
Estimation of peroxide content (FOX assay)
Extracellular LAOOH was determined according to Dringen and
Hamprecht [49]. This assay can be used to determine compounds
capable of oxidizing Fe2+. Brieﬂy, 10 μl of the LAOOH-containing
incubation buffer, collected after gentle swirling of the dish at the time
points indicated, was added to 190 μl of 25 mM H2SO4 in the well of a
microtiter plate. Forty-ﬁve minutes after the further addition of 200 μl
of reaction mixture (0.5 mM (NH4)2Fe(SO4)2, 200 mM sorbitol, and
200 μM xylenol orange in 25 mM H2SO4), the extinction coefﬁcient
was determined using a microtiter-plate reader (at 540 nm; Tecan,
Männedorf, Switzerland). The intracellular peroxide content was
determined according to the protocol described by Gay and Gebicki
[50]. Brieﬂy, the lipid phase was assayed in 1:2 acetic acid:methanol
(G–PCA–FOX), with water replacing the methanol for the aqueous
samples (M–PCA–FOX).
Single-cell gel electrophoresis (comet assay)
The single-cell gel electrophoresis assay was carried out according
to the protocol of Uhl et al. [51]. Approximately 5×104 cells were
mixed with LMP agarose and then transferred to agarose-coated
slides, covered with a coverslip, and cooled at 4 °C for 20 min. After
removal of the coverslips, the slides were immersed in fresh lysis
solution composed of 89 ml of lysis stock solution (2.5 M NaCl,
100 mM EDTA, 10.0 mM Tris, pH 10, adjusted with solid NaOH, and
890 ml distilled water), 1.0 ml of Triton X-100 (Merck), and 10 ml of
DMSO. Cells were lysed for 2 h at 4 °C in the dark, and the slides were
then transferred to an alkaline solution (300 mM NaOH and 1 mM
EDTA, pH 13.0, prepared from a stock solution of 10 M NaOH and
200 mM EDTA) at 4 °C for 40 min to denature the DNA. Electropho-
resis was performed at 25 V and 300 mA (25 V/cm) for 20 min. The
slides were then neutralized with three washes, each for 5 min, of pH
7.5 buffer (0.4 M Tris–HCl), air dried, ﬁxed in absolute ethanol for
10 min, and stored for later scoring. In addition, a small aliquot of the
cells was assayed in parallel for cytotoxicity by the trypan blue
method to avoid any interference with the assay. The slides were
stained by adding 100 μl of ethidium bromide (20 μg/ml); a coverslip
was placed over the cells, which were then evaluated with a
ﬂuorescence microscope (Nikon) at 20×, using a 420–490 nm
excitation ﬁlter and a 520 nm barrier ﬁlter. A total of 100 cells per
treatment were inspected with the aid of the software KOMET 6.0
(Andor). DNA damage is expressed as the Olive tail moment.
Modiﬁed comet assay
The comet assay was modiﬁed by the addition of formamidopyr-
imidine glycosylase (Fpg) and endonuclease III (EndoIII), which
recognize the oxidized forms of purines and pyrimidines, respectively,
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measurement of oxidized bases were washed three times in enzyme
buffer (0.1 M KCl, 0.5 mM Na2EDTA, 40 mM N-2-hydroxyethylpiper-
azine-N-2-ethanesulfonic acid, and 0.2 mg/ml bovine serum albumin,
pH 8.0) and then incubated for 30 min at 37 °C with the appropriate
enzyme (EndoIII from Escherichia coli and Fpg from E. coli; Sigma–
Aldrich) or enzyme buffer alone (control). The subsequent steps were
identical to the standard version of the assay (see the previous section).
DNA adduct determination
DNA isolation
DNA was isolated by the chaotropic NaI method, as previously
described [52]. Brieﬂy, cellular pellets (3×108 cells) were homoge-
nized in 10 ml of a lysis solution (320 mM sucrose, 5 mM MgCl2,
10 mM Tris–HCl, 0.1 mM desferroxamine, and 1% (v/v) Triton X-100,
pH 7.5). After centrifugation at 1500g for 10 min, the pellets were
resuspended in another 10 ml of the lysis solution and centrifuged
once more at 1500g for 10 min. The pellets were then suspended in
6 ml of 10 mM Tris–HCl buffer, pH 8.0, containing 5 mM EDTA,
0.15 mM desferroxamine, and 350 μl of 10% SDS. The enzymes RNase
A (30 μl, 10 mg/ml) and RNase T1 (4 μl, 20 U/μl) in 10 mM Tris–HCl
buffer, pH 7.4, containing 1 mM EDTA and 2.5 mM desferroxamine,
were added, and the reaction mixture was incubated at 37 °C. After
1 h, 300 μl of proteinase K (20 mg/ml) was added, followed by an
additional incubation at 37 °C for 1 h. After centrifugation at 5000g for
15 min, the liquid phase was collected and 4 ml of a solution
containing 7.6 M NaI, 40 mM Tris–HCl (pH 8), 20 mM EDTA, and
0.3 mM desferroxamine was added, followed by the addition of 8 ml
of isopropanol. The contents were mixed by inversion until a whitish
precipitate appeared. The precipitate was collected by centrifugation
at 5000g for 15 min and washed with 5 ml of isopropanol 60% (5000g,
15 min), followed by 5 ml of ethanol 70% (5000g, 15 min). The DNA
pellet was solubilized in 500 μl of desferroxamine (0.1 mM), and the
DNA concentration was measured spectrophotometrically at 260 nm.
Enzymatic hydrolysis of DNA
Four microliters of 1 M sodium acetate buffer (pH 5) and 100 fmol
of [15N5]1,N2-etheno-2'-deoxyguanosine ([15N5]-1,N2-εdGuo) and
[15N5]1,N2-propano-2'-deoxyguanosine ([15N5]-1,N2-propanodGuo)
were added to an aliquot of 0.1 mMdesferroxamine solution containing
200 μg of DNA, followed by digestionwith 2 units of nuclease P1 at 37 °C
for 30 min. Twelve microliters of 1 M Tris–HCl buffer (pH 7.4), 12 μl of
phosphatase buffer, and 6 units of alkaline phosphatase were then
added for an additional 1-h incubation at 37 °C. The ﬁnal volume of the
solution was adjusted to 200 μl with water. The enzymes were
precipitated by the addition of 1 volume of chloroform and, after
centrifugation at 1000g for 5 min, the resulting aqueous layer was
subjected to HPLC/ESI/MS-MS analysis (100 μl of the DNA solution/
injection). The amounts of the reagents and labeled internal standard
were proportionally adjusted for hydrolysis and the analysis of other
DNA quantities.
Analysis of 8-oxodGuo using HPLC/EC
Samples (100 μg) of digested DNA were injected into the HPLC/EC
system, which consisted of a Shimadzu Model LC-10 AD pump
(Shimadzu) connected to a Luna C18 analytical column (250×4.6-
mm i.d.) with a particle size of 5 μm (Phenomenex) andmaintained at
16 °C by a CTO-10AS VP column oven (Shimadzu). The isocratic eluent
was 25 mM potassium phosphate buffer, pH 5.5, and 8%methanol at a
ﬂow rate of 1 ml/min. Colorimetric detection was performed using a
Coulochem II detector (ESA, Chelmsford, MA, USA), and spectropho-
tometric detection was performed using a Shimadzu SPD-10A
(Shimadzu). The potential of the electrode was set at +280 mV for
the detection of 8-oxodGuo. A Shimadzu SPD-10AV/VP UV detector
set at 254 nm simultaneously monitored the elution of unmodiﬁednucleosides. The Shimadzu Class-LC10 1.6 software was used to
calculate the peak areas. The molar ratio of 8-oxodGuo to 2′-
deoxyguanosine (dGuo) in each DNA sample was determined based
on the coulmetric detection at 280 mV for 8-oxodGuo and absorbance
at 254 nm for dGuo in each injection.
Synthesis of 1,N2-εdGuo and [15N5]1,N2-εdGuo standards
The 1,N2-εdGuo standard was obtained by the reaction of 40 mM
dGuo with 2 M chloroacetaldehyde, as described previously. The
[15N5]1,N2-εdGuo standard was obtained by the reaction of [15N5]
dGuo with 2 M chloroacetaldehyde and subsequently puriﬁed by
HPLC, as described by Loureiro et al. [53].
Synthesis of 1,N2-propano-2'-deoxyguanosine (1,N2-propanodGuo) and
[15N5]1,N
2-propanodGuo standards
dGuo (25 μmol) was dissolved in 2 ml of 100 mM phosphate
buffer, pH 8, 1 mM acetaldehyde, and 0.05 mM lysine. The mixture
was shaken at 500 rpm at 37 °C for 24 h. The products were
subsequently puriﬁed by HPLC, as described by Garcia et al. [54].
Analysis of 1,N2-εdGuo and 1,N2-propanodGuo by HPLC/ESI/MS-MS
Online HPLC/ESI/MS-MS analyses in the positive mode were carried
out using an API-4000 QTRAP mass spectrometer (Applied Biosystems,
Foster City, CA, USA). The 1,N2-εdGuo and 1,N2-propanodGuo adducts
in the DNA samples were detected by multiple reaction monitoring
(MRM). An Agilent HPLC system (Kyoto, Japan) that consisted of an
autosampler (1200 High Performance), a column oven (1200 G1216B)
set to 18 °C, an automated switching valve, a 1200 Binary Pump SL, a
1200 Isocratic Pump SL, and a UV detector (1200 DAD G1315C) was
used for sample injection and cleanup of the analytical column (Luna
C18 250×4.6-mm i.d., with a particle size of 5 μm) (Phenomenex). The
adduct was eluted from this column with a gradient of formic acid
(0.1% in water) and acetonitrile (from 0 to 10 min, 10% acetonitrile and
0.65 ml/min to 40% acetonitrile and 0.2 ml/min; from 10 to 16 min, 40
to 30% acetonitrile and 0.2 ml/min; from 16 to 20 min, 30 to 60%
acetonitrile and 0.2 ml/min; from 20 to 21 min, 60 to 40% acetonitrile
and 0.2 ml/min; from 21 to 22 min, 40 to 90% acetonitrile and 0.2 to
0.65 ml/min; from 22 to 26 min, 90% acetonitrile and 0.65 ml/min;
from 26 to 27 min, 90 to 10% acetonitrile and 0.65 ml/min; and from
27 to 32 min, 10% acetonitrile and 0.65 ml/min).
An isocratic pump was used to simultaneously load a second
column (Eclipse XDB-C18 150×4.6-mm i.d., with a particle size of
5 μm) (Agilent) with 0.2 ml/min of a (60:40) solution of water:
acetonitrile with 0.1% formic acid, and a constant ﬂow of the mobile
phase to the mass spectrometer was maintained during the analysis.
The position of the switching valve was changed twice: (1) at 13 min
to allow the ﬁrst column eluent to enter the second column and (2) at
25 min to wash the ﬁrst column while the adduct was eluted through
a second column and then transferred to the mass spectrometer. The
total time spent on this analysis was 32 min. The automated switching
valve directs unmodiﬁed nucleotides, after elution through column 1
and UV detection, to the waste (cleaning time 13 min), and this
prevents loss of the mass spectrometer sensitivity.
The DNA hydrolysates, containing 100 fmol of the [15N5]1,
N2-εdGuo and [15N5]1,N2-propanodGuo internal standards, were
injected into the system described above. The m/z 292→176 (1,
N2-εdGuo), 297→181 ([15N5]1,N2-εdGuo) [M+H]+ and m/z
338→222 (1,N2-propanodGuo), 343→227 ([15N5]1,N2-propanod-
Guo) [M+H]+ ions were monitored with a 200-ms dwell time.
All of the parameters of the mass spectrometer were adjusted for
the acquisition of the best [M+H]+/[M+H − 2-D-erythro-pentose]+
transition. The curtain gas was adjusted to 25 psi, the source
temperature was held at 450 °C, the nebulizer and auxiliary gas
were kept at 60 psi, the turbo ion spray voltage was set to 5500 V, the
collision gas was set on high, the interface heater was held at 100 °C,
and the entrance potential was at 10 V. The 338→ 222 and 343→ 227
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collision cell exit, and a 51-V declustering potential. For the 292 →
176 and 297→ 181 transitions, the parameters were 17, 16, and 41 V,
respectively (Supplementary Fig. 2). The data were processed using
Analyst 1.4.2.
Quantiﬁcation of intracellular iron content
The intracellular iron content was determined as described
previously by Glei et al. [37]. Brieﬂy, cells were exposed to 50 μM
Hb for various time periods (0–540 min), washed, lysed by a freeze–




To evaluate the cytotoxicity of LAOOH and Hb, we employed an
MTT assay. The LAOOH showed a dose–response effect and was
cytotoxic after 24 h of incubation and at concentrations higher than
100 μM (Figs. 1A, C, and E). Furthermore, the preincubation of cells
with Hb (50 μM) for 60 min potentiated the cytotoxicity of LAOOH.
Control experiments with LA, LAOH, and apo-Hbwere also performed.
The results demonstrate that the pretreatment of cells with Hb
potentiated LAOOH toxicity but not LAOH toxicity; furthermore,
preincubation with apo-Hb presented no potentiation in the toxic
effect of LAOOH (Figs. 1B, D, and F).Fig. 1. Cell viability. For all of the experiments, cells were pretreated with or without 50 μ
(0–200 μM) for (A) 6, (C) 24, or (E) 48 h. After the incubation period, cell viability was assess
by treating cells for 1 h with 50 μM apo-Hb or Hb and subsequently exposing them to 200 μM
the MTT assay. For each experimental point, three independent experiments were carried oOxidative stress parameters: MDA quantiﬁcation and DCFH oxidation
The oxidative stress of cells exposed to LAOOH with or without
pretreatment with Hb was measured by MDA formation and DCFH
oxidation (Figs. 2A and C, respectively) and presented a dose-
dependent response. Exposure of cells to LAOOH for 1 h induced
DCFH oxidation and lipid peroxidation, as measured by MDA
formation, only at higher concentrations (50 μM). Furthermore, the
preincubation of cells with Hb (50 μM) for 1 h potentiated the DCFH
oxidation and MDA formation that was induced by LAOOH in a dose-
dependent manner. We further explored the role of the peroxide
group and heme in the MDA and DCFH oxidation by pretreating also
with Hb or apo-Hb and then challenging with solvent, LAOH, or
LAOOH. The results of the assay for MDA formation and DCFH
oxidation (Figs. 2B and D, respectively) show that the effect was
observed only for LAOOH and cells pretreated with Hb.
Extracellular and intracellular peroxide measurements
The peroxide content of the extracellular media of cells exposed
to LAOOH without or with pretreatment with apo-Hb and Hb was
measured by the FOX assay. The results from this experiment are
presented in Fig. 3A; no difference in the extracellular peroxide
consumption was observed. Furthermore, we also assayed the
intracellular peroxide content using a modiﬁed version of the FOX
assay; protocols with and without the addition of apo-Hb and Hb
were used, with the subsequent addition of ethanol, LAOH, or LAOOH
(Fig. 3B). Only LAOOH was able to induce the accumulation ofM Hb for 1 h. Cells were then challenged with several concentrations of LAOOH or LA
ed through the MTT assay. Furthermore, the effects of peroxide and heme were assayed
LAOOH or LAOH for (B) 6, (D) 24, or (F) 48 h. Cell viability was then assessed through
ut. Bars represent means±standard deviations.
Fig. 2. Oxidative-stress parameters. For all of the experiments, cells were pretreated with or without 50 μM Hb for 1 h. Cells were then challenged with several concentrations of
LAOOH (0–50 μM) and subsequently assayed for (A)MDA formation and (C) DCFH oxidation. Furthermore, the effects of peroxide and hemewere assayed by treating the cells for 1 h
with 50 μM apo-Hb or Hb and subsequently exposing them to 50 μM LAOOH or LAOH for 1 h and assaying for (B) MDA formation and (D) DCFH oxidation. Per experimental point,
three independent experiments were carried out. Bars represent means±standard deviations. Statistical signiﬁcance was evaluated by two-way ANOVA. *pb0.05, statistically
different from cells that were not pretreated with Hb; +pb0.05, statistically different from cells not exposed to LAOOH.
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fraction. In agreement with the previous results that Hb pretreatment
was able to potentiate peroxide damage, a slight increase in peroxide
accumulation in the cells exposed to apo-Hb was also observed.
Genotoxicity of Hb and LAOOH: alkaline and modiﬁed comet assay with
Fpg and EndoIII
The results of the genotoxic effects of Hb and LAOOH are presented
in Figs. 4A and C, respectively. Hb exhibited genotoxic effects only at
concentrations up to 250 μM, whereas LAOOH did not present any
visible effect, as measured by the standard version of the comet assay.
However, the use of the modiﬁed version of the comet assay, with the
addition of speciﬁc endonucleases, demonstrated that both com-
pounds were able to induce DNA oxidation that was detected by
measuring Fpg- and EndoIII-sensitive sites. Hb and LAOOH wereFig. 3. Peroxide estimation in extracellular and intracellular compartments. (A) Clearance of
cells in incubation buffer containing 50 μM Hb and apo-HB, the cells were extensively wash
each individual condition and used to normalize the results. (B) Intracellular peroxide cont
(soluble fraction) or the G–PCA–FOX (lipid fraction). The data points were derived from dueffective at inducing DNA oxidation at concentrations of 100 and
50 μM, respectively (Figs. 4B and D, respectively). Moreover, the
pretreatment of cells with Hb (50 μM) for 1 h markedly increased
their sensitivity to the DNA damage induced by LAOOH. Fig. 4E depicts
the results of the genotoxicity assayed by the standard version of the
comet assay. The pretreatment of cells increased the number of
LAOOH-induced strand breaks, and incubation with Fpg and EndoIII
increased the levels of fragmentation under this condition (Fig. 4F)
and also led to an increase in the number of EndoIII-sensitive sites.
Figs. 4G through I present representative comet micrographs of cells
exposed to solvent, 50 μMHb, or 50 μMHb plus the addition of 50 μM
LAOOH, respectively. Moreover, to characterize the effects of the
peroxide and heme group, cells were treated with apo-Hb or Hb and
challenged with ethanol (EtOH), LAOH, and LAOOH; as was
demonstrated for previously assayed parameters, the DNA damage
effect, in both the standard and the enzyme-based assays, wasLAOOH from the incubation buffer of SW480 cells. After a 30-min preincubation of the
ed and incubated in 50 μM LAOOH. The content of cellular protein was determined for
ent. Cells were treated as above and subsequently assayed by the M–PCA–FOX method
plicate measurements.
Fig. 4. DNA damage as measured by the comet assay. For the standard comet assay experiments, cells were treated with several concentrations of (A) Hb (0–250 μM) and (C) LAOOH
(0–100 μM); (E) regarding pretreatment, cells were treated for 1 h with 50 μM Hb and, subsequently, treated with several concentrations of LAOOH (0–50 μM). Cells were then
assayed for DNA damage. For the enzyme-based assay, cells were treated as above, (B) Hb (0–100 μM), (D) LAOOH (0–50 μM), and (F) pretreatment. After exposure to the test
compounds for 60 min, the formation of comets was analyzed by use of a computer-aided analysis system. Per experimental point, three independent experiments were carried out,
and, from each culture, 50 cells were analyzed for comet formation. Bars represent means±standard deviations. The results are presented as Olive tail moment, and the enzyme-
based assay is expressed as net oxidized bases. Statistical signiﬁcance was evaluated by two-way ANOVA (*pb0.05). (G through I) Representative cometmicrographs of cells exposed
to solvent, 50 μM Hb, or 50 μM Hb plus the addition of 50 μM LAOOH, respectively.
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through D present representative comet micrographs of cells
pretreated with 50 μM Hb for 60 min and subsequently challenged
with EtOH, 50 μM LAOH, and 50 μM LAOOH, respectively.
Quantiﬁcation of speciﬁc DNA lesions: 8-oxodGuo, 1,N2-εdGuo, and 1,
N2-propanodGuo
For an evaluation of DNA adducts, cells were incubated with either
PBS–DTPA–0.05% methanol (control cells) or PBS–DTPA containing
each of the following compounds at 50 μM: Hb, LAOOH, or LAOOH
with Hb pretreatment. Figs. 6A–C depict the quantiﬁcation of 8-
oxodGuo in SW480 cells. The UV spectrum (λ=265 nm) of DNA
samples showing thymine (Thd), cytosine, dGuo, and adenine is
presented in Fig. 6A. Fig. 6B depicts the corresponding peak of 8-
oxodGuo in the electrochemical chromatogram. The amount of 8-
oxodGuo in the Hb + LAOOH samples increased approximately
threefold, compared to the control cells. The results are expressed as
8-oxodGuo/106 dGuo and are presented in Fig. 5C.
Regarding lipid peroxidation-derived DNA adducts, we developed
an HPLC program that allowed the adequate separation of the adducts
from Thd, the last eluted nucleoside, as shown in Supplementary
Fig. 2. The method also allows for the simultaneous quantiﬁcation of
dGuo from hydrolyzed DNA samples through an absorbance mea-
surement (λ=260 nm) in the UV detector (Supplementary Fig. 2E).An automated switching valve (Supplementary Fig. 2F) was pro-
grammed to change its position in the interval between the end of
elution of the last-eluted DNA base and the beginning of elution of the
ﬁrst-eluted DNA adduct (1,N2-εdGuo). A representative MRM
chromatogram of the 1,N2-εdGuo, 1,N2-propanodGuo analysis of
cellular DNA is presented in Supplementary Figs. 2A and C. The use of
the stable isotopic internal standards, [15N5]1,N2-εdGuo and [15N5]1,
N2-propanodGuo, 5 units of mass larger than the native adducts,
ensured the accurate quantiﬁcation of the adducts (Supplementary
Figs. 2B and 2D). The stable isotopic internal standards (100 fmol)
were added to the DNA samples before the enzymatic hydrolysis. The
m/z transition chosen for the MRM-detection experiments is a
predominant fragmentation that results in a loss of 116 mass units,
which is the [M+H − 2-D-erythro-pentose]+ ion of the adducts. The
representative ion chromatograms obtained by MRM detection using
the respective m/z transitions from 292 to 176 (1,N2-εdGuo), from
297 to 181 ([15N5]1,N2-εdGuo), from 338 to 222 (1,N2-propanodGuo),
and from 343 to 227 ([15N5]1,N2-propanodGuo), which correspond to
500 amol of unlabeled adducts and 33 fmol of stable isotopic internal
standards, are shown in Supplementary Figs. 2A–2D. The results of the
quantiﬁcation of the exocyclic DNA adducts, 1,N2-εdGuo and 1,N2-
propanodGuo, are presented in Figs. 7A and 7B, respectively. 1,
N2-εdGuo (Fig. 7A) was observed in almost 2.5-fold excess in cells
treated with LAOOH that had been preincubated with Hb. 1,N2-
propanodGuo (Fig. 7B) levels were slightly higher but were not
Fig. 5. Effects of peroxide and heme on DNA damage, as measured by the comet assay. (A) The effects of peroxide and heme were assayed by treating cells for 1 h with 50 μM apo-Hb
or Hb and, subsequently, challenging them with 50 μM LAOOH or LAOH for 1 h. After exposure to the test compounds, the formation of comets was analyzed by use of a computer-
aided analysis system. Per experimental point, three independent experiments were carried out, and, from each culture, 50 cells were analyzed for comet formation. Bars represent
means±standard deviations. Results are presented as Olive tail moment. Statistical signiﬁcance was evaluated by two-way ANOVA. *pb0.05, statistically different from Hb;
+pb0.05, statistically different from EtOH and LAOH. (B through D) Representative comet micrographs of cells pretreated with 50 μMHb for 60 min and then challenged with EtOH,
50 μM LAOH, and 50 μM LAOOH, respectively.
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induce such lesions. Furthermore, the apo-Hb and LAOH did not alter
the formation of 1,N2-εdGuo and 1,N2-propanodGuo.
Relationship between iron content and DNA oxidation
The intracellular iron content in cells treated with Hb is presented
in Fig. 8A. The iron content increased in a time-dependent manner in
cells incubated with 50 μM Hb but reached a plateau after ~120 min.
We also explored the role of iron uptake in DNA oxidation
measured by the Fpg- and EndoIII-modiﬁed versions of the comet
assay. These results are shown in Fig. 8B. There was an increase in
damage levels upon treatment with 50 μM LAOOH in cells exposed for
various incubation times to 50 μM Hb, up to ~90 min. A prolonged
time of Hb incubation led to protection against the damage induced by
LAOOH. Figs. 8C and D present the correlation between the iron
content and the frequency of EndoIII- or Fpg-sensitive sites,
respectively. Only the ﬁrst stages of incubation are plotted in these
graphs. In the earliest stages of incubation with Hb, there is a strong
correlation between iron content and oxidized bases (r2=0.88 for
Fpg sites, Fig. 8D, and r2=0.9 for EndoIII, Fig. 8C). Figs. 8E through H
present representative comet micrographs of cells pretreated with
50 μM Hb for 0, 15, 60, and 240 min, respectively, and subsequently
challenged with 50 μM LAOOH.
Discussion
Colorectal cancer is a common and often lethal disease in
Westernized societies. The Western diet includes an excess of fat
and red meat but is low in ﬁber and calcium [55]. We have
hypothesized that interactions between pro-oxidant compounds can
lead to an enhancement of toxicological parameters. Therefore, weassessed the effects of dietary-relevant concentrations of both
compounds on cytotoxicity, oxidative stress, and genotoxicity in
SW480 colon cancer cells, and we demonstrated that heme–iron is
able to enhance LAOOH toxicity.
According to the results of the comet assay in our study, Hb alone
presented genotoxicity at concentrations higher than 250 μM. These
data are in agreement with the previous work of Glei et al. [37], who
showed that Hb could induce DNA damage in colon cells in
concentrations ranging from 250 to 500 μM. The addition of Fpg
showed that lower concentrations (100 μM) of Hb induced Fpg-
sensitive sites, as measured by strand breaks. The study of Glei et al.
[37], evaluating the effects of hemoglobin, hemin, and myoglobin on
induced DNA damage, showed that these compounds were able to
induce DNA damage that was correlated with increased iron–heme
concentrations. This iron–heme could, in turn, be degraded, releasing
free iron that could then catalyze the decomposition of peroxides.
Nevertheless, the production of secondary oxidants could not be
discounted because the autoxidation of hemoglobin–heme could
generate O2•−[56], which, in turn, could be dismutated to hydrogen
peroxide and consequently react with free iron or heme inside the
cells, leading to the formation of species reactive enough to damage
DNA. Additional experiments corroborating this hypothesis are
presented in the supplementary material (Supplementary Fig. 3).
Regarding LAOOH alone, no genotoxicity, as determined by the
standard versions of the comet assay, was observed. Nevertheless, the
addition of Fpg led to an increase in strand breaks after incubation
with 100 μM LAOOH. This genotoxic effect of LAOOH is consistent
with the ﬁndings of Kaneko et al. [57], who studied the formation of 8-
oxodGuo in cells preincubatedwith Fe–NTA and exposed to LAOOH. In
our study, we demonstrated that 8-oxodGuo was generated in cells
preincubated with Hb and then exposed to LAOOH. The formation of
8-oxodGuo and the increase in Fpg-sensitive sites are of great
Fig. 6. Evaluation of 8-oxodGuo. For all of the experiments, cells were pretreated with
or without 50 μMHb for 1 h; cells were then challenged with 50 μM LAOOH. Shown is a
schematic chromatogram of 100 μg of DNA injected into HPLC/ECD. (A) The UV
spectrum (λ=260 nm) of DNA samples showing thymine (Thd), cytosine (dCyd),
guanine (dGuo), and adenine (dAdo). (B) Representation of an electrochemical
chromatogram of the same sample with 8-oxodGuo highlighted. (C) The quantiﬁcation
of 8-oxodGuo in treated cells. Per experimental point, three independent experiments
were carried out. Bars represent means±standard deviations. Statistical signiﬁcance
was evaluated by two-way ANOVA (*pb0.05). dR, 2-deoxyribose.
Fig. 7. DNA adduct formation. For all of the experiments, cells were pretreated with
50 μM apo-Hb or Hb for 1 h and, subsequently, challenged with 50 μM LAOOH or LAOH
for 1 h. The quantiﬁcation of (A) 1,N2-εdGuo and (B) 1,N2-propanodGuo was carried
out as described under Materials and methods. Per experimental point, three
independent experiments were carried out. Bars represent means±standard de-
viations. Statistical signiﬁcance was evaluated by two-way ANOVA. +pb0.05,
statistically different from Hb; *pb0.05, statistically different from LAOH.
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GC/TA transversion. In fact, this kind of transversion is the most
commonly found lesion in sporadic colorectal cancer [4], which
points, once again, to the relevance of this kind of lesion. Furthermore,
a recent study has shown that oxidatively generated DNA damage,
measured as 8-oxodGuo formation, correlates with the poor survival
of colorectal cancer patients [58].
This work clearly demonstrates that SW480 cells, when pretreated
with subtoxic concentrations of Hb, are more sensitive to LAOOH-
induced DNA damage. This could be explained by a possible
incorporation of the heme group of Hb by SW480 cells. High levels
of heme–iron could accelerate the decomposition of LAOOH with the
generation of peroxyl and alcoxyl radicals (Eqs. (1) and (2),
respectively). These radicals are able to interact with DNA and may
result in modiﬁcations, such as 8-oxodGuo (Fig. 9, Route I) [59], as
follows:
LAOOHþ Fe3þ→LAOO• þ Hþ þ Fe2þ; ð1Þ
LAOOHþ Fe2þ→LAO• þ OH þ Fe3þ: ð2Þ
It could be assumed that such species need to be generated near
the DNA molecule to interact with it; therefore, one may wonder if
such reactions that have been described for model compounds could
indeed occur in live cells. A study performed by Ouédraogo et al. [60]
showed that the photo-oxidation of membranes led to an increase inlipid peroxidation and DNA strand breaks and that this effect was
decreased by the application of Trolox (a hydrophilic antioxidant) and
a metal chelator; thus, it was assumed by the authors that radical
precursors could be inducing the observed damage, as it was not
expected that Trolox would protect against aldehydes generated by
the decomposition of LOOH. Furthermore, as it is expected that the
lifetime of LAOOH would be increased during oxidative stress, one
possible mechanism could involve the sterol carrier protein, SCP-2. It
has been shown that this protein was able to strongly inhibit the two-
electron reduction of LAOOH by the GSH/GPx1 system [61], which
could lead to an increased lifetime of LOOH, thus favoring their
intracellular accumulation and their nuclear presence. Although not
conclusive, the present results indicate that peroxyl and alcoxyl
radicals may indeed be involved in the DNA-damaging effect of
LAOOH.
As previously described by our group, lipid peroxyl radicals are
able to follow another pathway. Miyamoto et al. [46,62] have shown
that linoleic acid hydroperoxides were able to generate singlet
molecular oxygen (1O2) in vitro. In this mechanism, primary or
secondary peroxyl radicals (ROO•) react by a cyclic mechanism
involving a linear tetraoxide intermediate (ROOOOR) that decom-
poses to generate a ketone (RO), an alcohol (ROH), and molecular
oxygen in the excited state. Thus, 1O2 could selectively react with
guanine, leading to the formation of 8-oxodGuo [63,64] (Fig. 9, Route
II).
Supporting this possible involvement of 1O2 in LAOOH-induced
genotoxicity, the incubation of iron and LAOOH with plasmid DNA in
D2O buffer (a known enhancer of 1O2 lifetime) led to an increase in
the open circular form of the plasmid in the presence of Fpg, as well as
8-oxodGuo formation (Supplementary Fig. 4). Nevertheless, further
investigations are warranted to prove whether such species are
indeed formed by LAOOH and could lead to DNA damage in live cells.
Moreover, radicals formed in the cellular membrane are able to
attack lipids or decompose to other lipid peroxidation by-products,
such as aldehydes, ketones, and epoxides. Such decomposition
products are very reactive and could readily interact with DNA to
form exocyclic DNA adducts [21,65]. The exposure of cells to Hb and
Fig. 8. Iron content and DNA damage. For all of the experiments, cells were pretreated with or without 50 μMHb for several periods of incubation (0–360 h); cells were then washed
and challenged with 50 μM LAOOH. (A) Iron content of cells incubated with 50 μMHb for various time periods. (B) Evaluation of DNA oxidation measured with the modiﬁed version
of the comet assay (Fpg and EndoIII digestion). After treatments, the formation of comets was analyzed using a computer-aided analysis system. Per experimental point, three
independent experiments were carried out, and, from each culture, 50 cells were analyzed for comet formation. (C and D) Correlation of EndoIII- and Fpg–sensitive sites,
respectively, with iron content. (E through H) Representative comet micrographs of cells pretreated with 50 μMHb for 0, 15, 60, and 240 min, respectively, and then challenged with
50 μM LAOOH.
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has been shown that this DNA lesion can arise from the reaction of
epoxidized α,β-unsaturated aldehydes with dGuo [21]. SupportingFig. 9. A schematic representation of the possible mechanisms that accthis assumption, the work of Kawai et al. [66] has shown that LAOOH
in the presence of metals can decompose to a complex mixture of
aldehydes, such as MDA, DDE, and HNE (Fig. 9, Route III, pathway A).ount for the Hb/LAOOH-induced DNA damage. dR, 2-deoxyribose.
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as crotonaldehyde and acrolein (Fig. 9, Route III, pathway B) [21].
Some of these DNA lesions have been shown to be highly mutagenic
and are considered integral in the possible pathways leading to the
carcinogenic effects involved in the lipid peroxidation process [67].
In all of the endpoints assayed, we were able to show that a period
of preincubation with Hb increased the toxicity of LAOOH and
indicated the probable involvement of increased intracellular heme–
iron. This was demonstrated by measuring the total iron in lysates of
cells exposed to Hb. Heme absorption is mediated by receptor-
mediated endocytosis or direct transport [68]. Once absorbed, Fe(II) is
then liberated from heme by the action of heme oxygenases [69]. The
cellular uptake of inorganic iron is mediated by transport systems,
which require the presence of the ferrous Fe(II) ion, which is very
unstable and quickly oxidizes to Fe(III). To enable absorption,
specialized transmembrane electron transport systems exist, which
involve transporters known as ferric-chelate reductases that function
by reducing ferric Fe(III) to the ferrous Fe(II) state at the extracellular
surface, thus allowing the cell to absorb ferrous iron [70]. To minimize
such extracellular processes, we tried to minimize the extracellular
presence of Hb by the extensive washing of the cells before adding
LAOOH. This was conﬁrmed by measuring the extracellular peroxide
consumption, and we were able to show that the extracellular
peroxide consumption was the same for every experimental condi-
tion, indicating that LAOOH was being consumed inside the cell.
Although this approach did not provide subcellular information
regarding this oxidative process, it certainly encourages further
studies, such as those performed by Kriska et al. [71] using radioactive
lipids and measuring their concentration in subcellular fractions. To
further address this issue, we alsomeasured the intracellular peroxide
content in both the soluble and the lipid fractions after treatment with
LAOOH. These experiments indicated that there was an increase in the
peroxide content in both compartments; nevertheless, the increase in
the lipid fraction was signiﬁcantly higher. This increase could be
expected because, owing to its positive charge, free iron may be
attracted by the negatively charged phospholipids (the same could be
expanded for the nucleus), thus facilitating lipid peroxidation [72].
Furthermore, the presence of hydroperoxides in the soluble fraction
may indeed indicate that this species was translocated and could
undergo further decomposition near the nucleus. Regardless, at
present, we cannot exclude that the peroxides found in the soluble
fraction could have been derived by a chain reaction leading to the
generation of other peroxides, such as protein peroxides, which are
known to be long-lived [73] and capable of inducing DNA damage
[74,75].
To expand upon this observation, we also analyzed the inﬂuence of
the iron in inducing DNA oxidation with the use of a modiﬁed version
of the comet assay. In this set of experiments, we showed a strong and
positive correlation between the iron content and the DNA fragmen-
tation promoted by LAOOH,which indicated, again, the important role
played by heme–iron in LAOOH genotoxicity. It is important to note
that we were not able to differentiate whether the intracellular iron
found was in the free form, chelated to other biomolecules, or bound
to the heme group. We also found that higher exposure times to Hb
resulted in a protective effect. This protective effect could be
explained by the possible decomposition of the heme group by
heme oxygenases to produce CO and bilirubin. Bilirubin has already
been reported as a potent lipophilic antioxidant, therefore, it is
conceivable that exposure for longer periods to Hb may have
increased bilirubin levels, and as a consequence, cells presented an
increased protection against the lipid peroxidation induced by LAOOH
[76].
We, therefore, could speculate in our model that under basal
conditions, oxidative reactions of LAOOH with DNA are favored
compared to DNA alkylation. Nevertheless, shifting the iron content to
a higher level increased the relative importance of the aldehyde-generated DNA damage, and such species could present a relatively
equal effect on DNA modiﬁcation. Because pretreating cells with Hb
and challenging with LAOOH resulted in DNA damage parameters of
an approximately threefold (both oxidative and alkylation) increase,
one could speculate that under basal conditions, peroxide/aldehyde
levels reaching the nucleus are higher compared to a situation
involving an elevated iron content. Under such conditions, the
peroxide/aldehyde ratio reaching the nucleus may be decreased,
and the importance of aldehyde-induced DNA may be relatively
increased.
Based on these ﬁndings, we propose that high levels of heme–iron
lead to an increase in LAOOH-induced genotoxicity, whichmay be due
to the decomposition of LAOOH by heme–iron to generate peroxyl,
alcoxyl radicals, 1O2, and aldehydes that could interact with DNA,
generating promutagenic DNA lesions.
In conclusion, our results showed that the interaction of Hb and
LAOOH at concentrations found in the human diet could produce a
synergistic effect on the induction of DNA damage in SW480 cells.
These data suggest an increased probability of DNA-damaging events
in populations that consume high levels of red meat and fat. Such
DNA-damaging events could thus participate in the early stages of
cancer development due to an increase in DNA modiﬁcations.Acknowledgments
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